We analyse supersymmetric models augmented by an extra U (1) gauge group. To avoid anomalies in these models without introducing exotics, we allow for family-dependent U (1) charges, and choose a simple form for these, dependent on one U (1) charge parameter only. With this choice, Z decays into di-taus but not di-leptons, weakening considerably the constraints on its mass. In the supersymmetric sector, the effect is to lower the singlino mass, allowing it to be the dark matter candidate. We investigate the dark matter constraints and collider implications of such models, with mostly singlino, or mostly higgsinos, or a mixture of the two as lightest supersymmetric particles. In these scenarios, Z decays significantly into chargino or neutralino pairs, and thus indirectly into final state leptons. We devise benchmarks which, with adequate cuts, can yield signals visible at the high-luminosity LHC.
I. INTRODUCTION
Models with additional U (1) gauge symmetries are a popular extension of the Standard Model (SM). Without supersymmetry, it was shown that they can provide a model for dark matter [1] [2] [3] [4] , better agreement with measurements of the anomalous magnetic moment of the muon [5, 6] , and explain leptogenesis [7] . In supersymmetry, they are motivated by the ability to generate the µ parameter at the electroweak scale, and for incorporating righthanded neutrinos into the model spectrum [8] [9] [10] [11] [12] . An added benefit of supersymmetric models is that these explain the stability of the proton [13] , and provide fermion masses through the Froggatt-Nielsen mechanism [14] .
Extra U (1) symmetries (which we shall refer to as U (1) models) can arise as low-energy manifestations of grand unified theories [15] , of string theories [16] , and from models with dynamical electroweak breaking [17] . In the framework of gauge mediation, they provide a mechanism for supersymmetry breaking [18] . A disadvantage of these models is the requirement of cancellation of anomalies. Imposing that the theory be anomaly-free usually requires adding several exotics to the spectrum [19] , introducing several new particles with respect to the minimal content and spoiling the gauge coupling unification, a desirable prediction of the minimal supersymmetric standard model (MSSM) with weak scale soft masses.
Constructing anomaly-free U (1) models without exotics is possible, but it involves allowing flavor non-universality, that is, allowing fermions to have family-dependent U (1) charges [20] . These charges must be chosen such that all anomaly coefficients cancel, including those from mixed anomalies involving U (1) charges, and gauge-gravity anomalies. These particular theories have received more attention lately, given the LHCb measurements of lepton flavor non-universality in B-meson decays [21] [22] [23] .
There are numerous possibilities for non-universal U (1) charges. These are classified in [24] and various aspects of their phenomenological implications have been studied both within non-SUSY and SUSY frameworks [25] [26] [27] [28] [29] [30] . In this work, we revisit the supersymmetric U (1) models with non-universal charges, opting for a simple family dependent choice. Our aim is to study the phenomenology of the Z boson, which in these scenarios can be light 1 .
We explore how restrictive is the Z mass, and the signatures of such a boson at the colliders.
1 In models with universal U (1) charges, Z masses are restricted rather stringently by the ATLAS collaboration [31] and expected to be around 4 -4.5 TeV.
Related to these, we also investigate the phenomenology of dark matter in these models [32] [33] [34] , with emphasis on effects of a lighter Z , and on the possibility of having the singlino (the fermion partner of the singlet Higgs boson required to break U (1) symmetry), as a non-standard dominant component of dark matter.
As an artefact of allowing flavor non-universality, the Z phenomenology at the LHC can be quite distinctive. The Z can now decay into certain favored final states dominantly, while some of the more commonly observable decay modes are absent altogether. Here, one possible solution to the various anomaly-cancellation equations leads to a scenario where the Z is forbidden to decay into electron or muon pairs. Instead, its single most prominent decay mode is ττ . Naturally, in this scenario, the existing constraints on Z mass can be quite relaxed. On the other hand, within a SUSY framework, there can be additional decay modes of the Z which may lead to hitherto unexplored signal regions. We have explored two such signal regions and present our results in the context of high luminosity run of the LHC at a centre-of-mass energy of 14 TeV.
The paper is organised in the following way. In section II we describe briefly the theoretical framework of our study. In section III we discuss the impact of various LHC search results on the parameter space of our model. Based on that study, we proceed to select some representative benchmark points. In section IV we discuss the strategy to explore these classes of benchmark points at the 14 TeV LHC. We discuss possible signal regions, SM background contributions and kinematic cuts that can be used to suppress these background contributions and make the signal observable. We discuss our results through detailed cut-flow tables and finally conclude our observations in section V.
II. THE U (1) MODEL WITH NON-UNIVERSAL CHARGES
Supersymmetric U (1) models are based on the gauge group
, with gauge couplings g s , g 2 , g Y and g 1 . The particle spectrum of the models is that of the MSSM augmented by a gauge singlet S, charged under U (1) only. The particle content, allowing for non-universal charges under the U (1) group, is given in Table I .
The breaking of the U (1) gauge symmetry down to electromagnetism is achieved through the neutral components of the scalar Higgs fields acquiring VEVs,
which is essential for giving mass to fermions.
For the theory to be anomaly-free, the U (1) charges must satisfy conditions requiring
anomalies, that is, the charges must satisfy, respectively
It is evident from the neutralino mass matrix that the LSP can be singlino dominated only if g Q S v S is small enough and M 4 is heavy enough to be decoupled from the singlino mass.
When all other soft masses are decoupled and there is almost zero mixing, the singlino mass is simply driven the the parameters g , Q S and v S . These parameters also drive the Z mass and as a result, if one looks for a light Z , a light singlino is always obtained. Depending on the choice of λ, the higgsinos can be light as well. In our present study, we have kept M 1 , M 2 and M 4 heavy enough such that they decouple from rest of the spectra. luminosity [36] . Dijet resoance search limit on m Z is slightly weaker, m Z > 2.7 TeV at √ s = 13 TeV with 36 fb −1 luminosity [37] . Thus it is evident that the most stringent constraint on m Z is derived from its leptonic decay modes. Consequently, models with a leptophobic Z [38] [39] [40] [41] are much less constrained in comparison. Z → τ τ decay deserves a special mention in this regard since the τ can decay both leptonically and hadronically. A combined search of both leptonically and hadronically decaying τ -pairs exclude m Z up to 2.42 TeV at √ s = 13 TeV with 36 fb −1 luminosity [42] .
These existing exclusion limits are expected to vary depending on the assignments of U (1) charges (Q) since these affect the production cross-section of Z . In the present scenario, Z is forbidden to decay into light lepton pairs at the tree level. The Z therefore, mostly decays via a pair of τ -leptons. This, along with the decay into a neutralino/chargino pair accounts for most of the Z width. Thus apart from the direct search limit on m Z , an indirect limit can also be derived from chargino/neutralino search results. This new decay mode of the Z can contribute to the multilepton signal rate at the LHC. A Z search in such signal regions has not been performed.
Indirect constraints can be derived on m Z from dark matter requirements. In this work we will focus on singlino and higgsino LSP scenarios. A pure singlino LSP can only annihilate efficiently around the Higgs and Z resonances. However, the Higgs resonance region can be safely ruled out from LHC constraints on m Z . The Z resonance region depends on the choice of model parameters. It is therefore worth checking if one can obtain a sub-TeV singlino DM in the present framework and still be consistent with the exclusion limits on m Z . Relic density requirement forces a pure higgsino DM to lie above 1 TeV. LSP higgsino masses below that yield relic under abundance due to too much co-annihilation [43] . Direct search limits on the higgsino mass under such circumstances are weak, around 200 GeV at √ s = 13 TeV with 139 fb −1 luminosity [44] .
In order to understand the relevant parameter space, we have carried out detailed scans of the parameter space. The model was implemented in SARAH [45] [46] [47] [48] [49] which does the analytical calculation and writes the required files for implementing the model in numerical packages SPheno [50] [51] [52] and MicrOMEGAs [53] . SPheno calculates the masses, mixing matrices and the decay branching ratios of all the particles. MicrOMEGAs is used for the DM computations. Since we intend to explore both the singlino and higgsino LSP scenarios, we divide our scans into small λ and large λ cases, since λv S is responsible for generating the effective µ term, µ eff . We considered the following parameters ranges: confidence level region around the exclusion line [42] . The black points represents those excluded from direct neutralino-chargino searches [44, 54, 55] . These constraints do not appear to affect the available parameter region significantly. This is because the λ parameter is relatively large which ensures that the higgsino mass parameter is quite large compared to the singlino in most of the cases. The bino and wino parameters being also large throughout, both the chargino states and other neutralino states in the spectrum are quite heavy and the singlino is the LSP state, which can still be significantly light. Thus the NLSP pair or the LSP-NLSP associated production cross-sections are very small. On the other hand, the LSPs can be produced copiously, but they are completely invisible. As expected, the exclusion limit on m Z become weaker as Q E 3 and(or) g are decreased since the production cross-section drops with either. As evident, with g = 0.1, the exclusion limit can be much weaker, m Z > ∼ 1500 GeV. For g = 0.3, the exclusion limit goes up to 2 TeV. As g increases, the LSP acquires more of the higgsino component, which is evident from It is evident that for small enough Q E 3 , even sub-TeV m Z is allowed from Z → τ τ searches. However, some of this parameter space may already be excluded from neutralino/chargino search results at the LHC. Since the bino and wino soft mass parameters are decoupled from the rest of the spectrum, the LSP can be either a singlino or higgsino.
Depending on the nature of the LSP, the exclusion limits on the LSP-NLSP masses can be distinctly different. The black points in Fig. 3 represent these excluded regions. The region below the Z exclusion limit remains unaffected from the neutralino-chargino searches. The region with m Z < ∼ 500 GeV merits a closer look since some of the neutralino-chargino masses are expected to be light enough to be produced in abundance at the LHC. It turns out that all the allowed points shown in the figure have very small LSP-NLSP mass gap and hence may avoid detection. We checked that they are allowed from latest neutralino-chargino search results constraints [44, 54, 55] .
The distribution of relic density and direct detection cross-section of the LSP in this scenario are shown in Fig. 4 . The λ parameter being smaller, one would expect the effective µ term to be smaller in comparison with the previous case. Hence there is a large region of parameter space where the LSP is purely higgsino-like or a well-mixed singlino-higgsino state. The abundance of the red points in Fig. 4(b) and (e) illustrate this feature. As expected, for sub-TeV neutralino states, these points result in under abundance of relic density due to too much co-annihilation. However, there is also a significant amount of parameter space where the points produce just the correct relic abundance with well-mixed singlino-higgsino LSP states, as represented by the blue and green points. These points are also safe from Z searches with m Z > ∼ 1.5 TeV as can be observed from Fig. 4 (a) and (d). The direct-detection constraint is not too severe in this case. For the pure higgsino LSP (indicated by the red points in Fig. 4(b) and (e)), the contributions from two higgsino components cancel each other. Singlino-higgsino admixture produces larger σ SI , but beyond > 500 GeV, the parameter space is safe from the XENON limit.
In the next section we present some representative benchmark points with the input parameters and resulting mass spectra and decay branching ratios. For large λ we observed that only the singlino LSP state lies below m Z and therefore, the SUSY decay mode of the Z is completely invisible. For smaller λ, as g increases, there is more mixing between the singlino and higgsino states and as a result additional neutralino-chargino states start to appear in between the Z and the LSP. Now Z may decay into χ From the discussion above, the relevant parameter region can be represented by three different classes of benchmark points.
• Class-I: The masses are aligned in such a way that the Z can decay into both the higgsino and singlino type neutralino-chargino states. Thus there are three neutralinos and one chargino lying below m Z and there is a sizable mass gap between LSP singlino and NLSP higgsino states, such that the resulting decay leptons can be hard enough.
This class of points is shown in Fig. 3 .
• Class-II: The hierarchy of masses are similar as in Class-I, except for the fact that the LSP can be either singlino or higgsino dominated or a well-mixed state. The NLSP-LSP mass gap is small and thus the final state leptons are softer. This class of points is also shown in Fig. 3 .
• Class-III: Only the LSP state is lighter than the Z . The LSP can either be a singlino or higgsino. The NLSP has a mass that kinematically forbids Z to decay into any chargino or neutralino pairs. Otherwise, it is simply heavier than Z . In this case, the Z has a large invisible branching ratio. This class of points is shown in Fig. 1 .
In the next section, we shall concentrate only on benchmark points belonging to Class-I and Class-II since the Z in BP5 has no visible decay into SUSY particles.
IV. COLLIDER ANALYSIS
So far, we observed that for small enough values of Q E 3 , the Z can easily avoid detection in the conventional search channels at the LHC. Under such circumstances, although the Z has a significantly large decay branching ratio into the τ τ mode, the production cross-section is simply not large enough for Z to be detected. Within a SUSY framework, however, the Z has additional decay modes which can be explored. Lowering the Q E 3 , g and v S parameters results in small Z masses. At the same time these also lower the singlino mass. Additionally, for small λ choices, there can be higgsino-like neutralino and chargino states lying below the m Z . Hence the Z can easily decay into χ the LSP. This can result in a rich cascade decay starting from the resonance production of Z , but the constraints on bino and wino-like neutralino-chargino states are comparatively more severe 2 [44, 58, 59] . The higgsino LSP scenario is understandably the least constrained one since its production cross-section is comparatively smaller and the NLSP-LSP states are mass degenerate.
Depending on the number of neutralino-chargino states lying below m Z , the observable 2 In that case, quite a large portion of the parameter region with sub-TeV m Z in that case will be discarded based on the bino-wino search results. Thus it is safe to assume that the bino and wino mass parameters are much heavier than m Z final states can be quite different. A large parameter space discussed so far has either the singlino or the higgsino-dominated states accessible to the Z decays. In that case, the Z decays invisibly into these channels and the τ τ decay mode is the one more likely to be seen first. If both the singlino and the higgsino states lie below m Z , from the cascade decay one can expect to obtain two or more leptons in the final state associated with missing energy.
Therefore, we use the multilepton search results from the LHC to ascertain the sensitivity of this search strategy for probing Z in the present scenario. We then proceed to make an estimate of the LHC sensitivity at high luminosity. Note that the sensitivity of these multilepton search strategies in probing the present scenario is likely to vary depending on the mass difference between the light neutralino-chargino states [44, 58, 59] . Two sets of kinematic cuts are therefore chosen in such a way so as to gain maximum possible sensitivity for the different sets of benchmark points.
For our collider analysis, we have used MadGraph5 [60, 61] to generate events at the parton level which are subsequently passed through PYTHIA8 [62, 63] for decay, showering and hadronisation. nn23lo1 parton distribution function [64, 65] has been used while simulating signal as well as SM background events. MLM matching [66, 67] scheme has been used for production channels with light jets at the parton level. We have used anti-kt algorithm [68] in FastJet [69] for construction of jets and Delphes [70] [71] [72] for detector simulation. Finally, we perform our analysis in CheckMATE [73, 74] .
Cuts for benchmark points class I
For this class of benchmark points, apart from di-taus, di-leptons associated with missing transverse energy can be a possible signal. Note that contribution to this new signal region for Z can only arise from the small branching ratio of its decay into the charginos or neutralino states. As can be observed from Table II , a Z branching ratio of 18% for the decay is relevant to this case, which is further diminished by the leptonic branching ratio of the decay of the gauge bosons. Hence the resultant event rate is expected to be small and the di-tau signal regions is expected to be observed first if such a Z exists. However, the di-leptonic signal region, if observed further at high luminosity, can serve as a robust hint of existence of SUSY.
The dominant SM background channels for this signal region are tt + jets, tt + V (V = W ± , Z), tt + h, V V , V V V and Z + jets. We set the following criteria for selection of the final state.
• C1: The final state must have two opposite-sign different flavor leptons. The transverse momentum, p T of the leading and sub-leading leptons are required to be more than 25 GeV and 20 GeV respectively.
• C2: No central light jets with p T > 40 GeV and |η| < 2.4.
• C3: No central b-tagged jets with p T > 20 GeV and |η| < 2.4.
• C4: The invariant mass of opposite-sign di-leptons pair, m has to be away from the Z-boson mass (m Z ), i.e. |m − m Z | > 10 GeV.
• C5: The missing transverse energy, / E T has to be more than 200 GeV.
• C6: The stransverse mass, In this case the gauge boson production channels are the most dominating contributors to the background. Cuts C5 and C6 effectively reduce these contributions. Cuts C2 and C3 are particularly helpful in reducing the backgrounds from top production channels which are further reduced by C6. The requirement that the leptons need to be different flavor is helpful in reducing the leptons arising from the Z boson decay. Including the same-flavor lepton pairs enhances the signal rate, but the background contribution specially from V V production channel becomes too large even in the presence of cut C4. The large m T 2 cut proves to be most effective in getting rid of the background although it also reduces the signal events to a large extent. Overall, one requires an integrated luminosity of ∼ 1.4 ab −1 and ∼ 2.6 ab −1 to exclude (or to achieve 2σ statistical significance) BP1 and BP2 respectively 3 .
To achieve a 3σ statistical significance one requires ∼ 3.1 ab −1 and ∼ 6 ab −1 integrated luminosity respectively.
Cuts for benchmark points class II
Benchmark points under class II have smaller NLSP-LSP mass gap and as a result we cannot use a hard m T 2 cut to reduce background contributions effectively. Instead, we devised the cuts in a way so that the softness of the leptons and the large missing energy can be utilized to reduce the SM events. The criteria used here are:
• D1: The final state must have two opposite-sign leptons with their p T within the range [5, 30] GeV. For electrons, |η e | < 2.4 and for muons, |η µ | < 2.5.
• D2: At least one light jet with p T > 25 GeV and |η| < 2.4.
• D3: No central b-tagged jets with p T > 25 GeV and |η| < 2.4.
• D4: Missing energy, / E T > 250 GeV.
• D5: Transverse mass, m T ( i , / E T ) < 70 GeV, where i = 1, 2.
• D6: Invariant mass of opposite-sign lepton pair, 4 < m < 25 GeV.
In order to reduce the background contributions from the gauge boson production channels, we put strict restrictions on the transverse mass of the charged leptons and missing energy.
This cut, combined with the large missing energy one, effectively reduce the background contributions. A further restriction on the invariant mass of the same-flavor lepton pairs ensures that even such a small signal rate can be observed at the high luminosity LHC.
Reducing the V V background proves to be difficult in this case. Demanding the presence of at least one hard jet coupled with a large missing energy cut is useful to this effect. Moreover, demanding a small invariant mass window (D6) reduces this background effectively. The resulting statistical significance of this class of benchmark points is understandably small due to smaller production cross-section of the signal. BP3 and BP4 require an integrated luminosity of ∼ 4 ab −1 and ∼ 10 ab −1 respectively to achieve a 2σ statistical significance.
To obtain 3σ, one requires ∼ 10 ab −1 and ∼ 22 ab −1 respectively.
Note that the large luminosity requirement for BP4 observation makes it most unlikely to be probed at the LHC in the above-mentioned signal region mainly because of the very small NLSP-LSP mass gap (∼ 7 GeV). For these kind of points, one can consider probing a mono-jet signal region where one of the initial-state-radiation (ISR) jets is tagged [44] .
However, this signal region has large a hadronic background that is almost impossible to get rid of against such a small signal rate.
V. CONCLUSION
We have considered a scenario where the MSSM is extended by one additional U (1) gauge group. The U (1) charges for the fermions and Higgs bosons are family dependent, which allows for cancellation of anomalies without the introduction of exotic states, and leads to interesting phenomenological consequences. We consider one possible solution to all the anomaly cancellation conditions in such a way that all the U (1) charges can be written in terms of Q E 3 , the corresponding U (1) charge for E c 3 . The resulting charge assignments require one to introduce non-holomorphic SUSY breaking Lagrangian to the theory in order to avoid massless fermions. They also forbid the Z decay into an electron or muon pair at the tree level, which circumvents the most stringent constraint on m Z . In absence of these decay modes the restriction on m Z arises from Z decay into ττ final state, which is understandably much weaker. The signal cross-section is also dependent on the choice of U (1) charges and other possible decay modes of Z . In the framework of SUSY, there can be some other decay modes. Here we have explored the possibility of its decay into multiple chargino and neutralino states that can give rise to observable leptonic signals at high luminosity LHC. Since we are working within a R-parity conserving framework, the LSP neutralino can be a DM candidate. A non-standard candidate for LSP such as a singlino or a higgsino arises naturally in this framework if one considers a light Z . Hence we restricted ourselves to these two possibilities. We performed a detailed parameter scan to highlight the available parameter space taking into account both the collider and DM constraints. We proceed to study two possible signal regions with a pair of opposite-sign leptons in the final state with different set of kinematic cuts chosen suitably depending on the varying NLSP-LSP mass gap. We observed that even in the presence of these additional decay modes, the di-tau final state is likely to be observed first and if it so happens, one can use the the leptonic signal regions as confirmatory channels. In the present framework, any observation of such leptonic signals at high luminosity will also indicate the presence of SUSY.
